Introduction
Climate change brings about a new impetus to understanding the consequences of different forest management practices for forest persistence (IPCC, 2001; Millar et al., 2007) . Promoting forest persistence, in this review, is defined as encouraging the presence of an adaptable forested system and avoiding major changes in species composition instigated by climate change. There is a need to encourage forest resilience both for benefit of reliable resource provision and for conservation and society (Bonan, 2008; Allen et al., 2010) . Knowledge on the ways in which management affects forests from the molecular level to the ecosystem level is essential to allow reliable risk assessment and to plan appropriate adaptation strategies. This is of particular importance to European forests, many of which have been subjected to profound and longterm anthropogenic intervention (Bradshaw, 2004) , inevitably altering the ecological and genetic composition of forests and creating a cultural landscape, rich in heritage value. In the temperate and Mediterranean regions, past forest management has been highly reliant on coppicing and pollarding, two forests systems dependent on vegetative regeneration.
Repeatedly coppicing or pollarding a tree, if performed correctly, can result in trees having a significantly longer lifespan than their naturally grown counterparts as trees are kept in a partially juvenile state (Blake 1980 ) (see Table 1 ). For example, Rackham (1986) described ancient Fraxinus excelsior L. (European ash) coppice stools (the regenerating stump which gives rise to shoots) occurring on waterlogged sites, which were found to be thousands of years old, in contrast to the normal lifespan of F. excelsior, which is 200 years, whereas Read (2006) reported the presence of pollarded Fagus sylvatica L. (European beech) of .500 years, living twice as long as maiden trees that have a lifespan of 200 -250 years. These forms of management provided materials, which were suited to past social and economic needs but also encouraged the coexistence of early and late successional species. Longrotation coppice systems and pollarding in wood-pasture (an open forest structure with a grazed understory) were historically very common and shoots were harvested on a rotational basis for uses including fuel wood, animal fodder, crafts and building materials (Read, 2000) . Although there are still areas, mainly in Southern Europe, where these traditions remain alive, many have suffered a decline during the nineteenth century, primarily owing to changes in market demand for forestry products posing a threat to the existence of these habitats (Agnoletti and Paci, 1998; Watkins and Kirby, 1998; Bü rgi, 1999; Harmer and Howe, 2003; Petit and Watkins, 2003; Hopkins and Kirby, 2007; Rackham, 2008) .When actively managed, a variety of associated species often benefit from the high level of habitat heterogeneity arising from the contiguous panels (sections of a coppice that differ in their stages of succession), age since last cutting and vegetation height (Evans and Barkham, 1992; Fuller and Warren, 1993) . Consequently, many coppiced and pollarded habitats have been recognized as areas of high conservation value, prompting a call for the revival of traditional management today (Rackham, 1980; Peterken, 1992; Peterken, 1993; Harmer and Howe, 2003) . The value of cultural landscapes in terms of their biodiversity, genetic resource value, historical and aesthetic value needs to be identified before they are lost, considering that the economic implication of re-introducing traditional management is a major barrier to their conservation, which may only be achievable for high priority populations where costs can be subsidized (Jump et al., 2010) .
Considerable evidence links contemporary climate change to recent range shifts in species distributions (Parmesan and Yohe, 2003) . While warmer temperatures are allowing expansion of tree populations upwards in mountain regions and towards the poles, higher temperatures and increased drought stress can lead to the disappearance of low-latitude, rear-edge populations (Allen et al., 2010) . Populations that persist at the rear-edge include relict populations and those which occurred in or around glacial refugia (Bennett et al., 1991) . These populations are highly important reservoirs of intra-specific diversity, often being unique in terms of genotypic composition and/or diversity Hewitt, 2004; Hampe and Petit, 2005; Magri et al., 2006; Hampe and Jump, 2011) .
Increased drought in the low-latitude range edge of a species has been shown to have a negative effect on seedling survival as well as adult growth (e.g. in Quercus ilex L. (holm oak) (Perez-Ramos et al., 2010) , F. sylvatica (Jump et al., 2006; Silva et al., 2012) and Phillyrea latifolia L. (Lloret et al., 2004) ), further threatening the persistence of such populations under climate change (Jump et al., 2010) .A significant proportion of these range edge populations have experienced prolonged and widespread coppicing in the past (Nocentini, 2009 ).
The 2000 Global Forest Resource Assessment reported 25 million hectares (14 per cent of total forested area) of coppice in Europe (excluding the Russian Federation) (UN/ECE-FAO, 2000) . This estimate includes all forests composed of stool shoots or root suckers with or without standard trees. However, the State of Europe's Forest 2011 reported a much lower area of 2.9 million hectares (FOREST EUROPE, 2011) . It should be noted that this latter figure refers to forest undergoing active coppice regeneration and therefore does not include areas of historically managed forest that are no longer under active coppice management and that are included in the earlier estimate. Both reports agree that coppice is most common in Southern and Central Europe. Research into the persistence of stable rear-edge populations through means other than recruitment such as through longevity, clonal growth and persistent seed banks is essential for their conservation (Hampe and Petit, 2005) . The long-term survival of plant populations can be greatly determined by their ability to employ traits conferring longevity and/or vegetative reproduction in unfavourable environments (Bond and Midgley, 2003) . For example, Populus tremula L. (common aspen) has been observed regenerating through purely vegetative means on the Dutch Wadden island of Treschelling where harsh sea winds inhibit vertical growth and germination (Koop, 1987) . This response to disturbance and site productivity has been subsequently found in several other forest systems Coppice-with-standards Two-storey forest structure; coppice underwood with standard trees of maiden or coppice origin. Standards retained for 3 -8 cycles. Can be worked on a long rotation of 10 -20. Single species or different species of coppice and standards (Evans, 1992) .
Vegetative by off-shoot growth or root-suckering. Natural regeneration limited by length of rotation and contribution to gene pool skewed by cutting of age classes. Reproductive age and size will significantly limit seed contribution to regeneration. Natural regeneration from standards is mainly limited by competition with vegetative shoots. Simple coppice Single or mixed species crop, worked on same cycle (even-aged) (Evans, 1992) .
Mainly vegetative by off-shoot growth or root-suckering. Period of natural regeneration limited by length of rotation. Reproductive age and size limits seed contribution to regeneration. Short-rotation coppice (SRC)
Worked on ,10 year rotation. Provided material for rural crafts but recent surge of interest in high intensity production for energy biomass using fast-growing species (Evans, 1992) .
Similar to simple coppice, however reproduction is further limited by shorter rotation length.
Coppice selection system
Worked on 8 -12 year rotation, usually three age classes, with shoots of different age/diameter on same stool. At each rotation, larger shoots harvested and remaining shoots lightly thinned, maintaining canopy cover at all times (Coppini and Hermanin, 2007) .
Similar to simple coppice, although the creation of gaps for natural regeneration reduced by maintaining canopy.
Stored coppice Lapsed cutting cycle resulting in over-mature and/or abandoned coppice. Might contain standards depending on prior system. Structure resembles that of high forest (Evans, 1992 Forestry (Kennard et al., 2002; García and Zamora, 2003; Bellingham and Sparrow, 2009; Papalexandris and Milios, 2010; Nzunda and Lawes, 2011) . Vegetative regeneration presents an alternative regeneration pathway that can be used to maintain existing trees in a forest, facilitating the adaptation of associated species by avoiding substantial changes in species composition, and therefore promoting current forest persistence. Traditional management techniques, such as coppicing, can be used to increase forest persistence in unfavourable climatic conditions, where mature trees are being lost faster than they can be replaced by natural regeneration, as forest cover can be maintained, thereby maximizing the chance that new individuals can establish before existing adult trees are lost. It should be stressed that the suitability of a given management strategy will differ with local climate. For example, in areas that are more likely to be affected by drought, keeping an overstorey of high forest and promoting a coppice understorey would provide canopy cover and soil cover. Consequently, the coppice selection system (see Table 1 ) was developed in Southern Europe since it maintains canopy cover and hence protects the soil from excessive heat exposure (Coppini and Hermanin, 2007) , whereas rotational coppice systems, which would open up large areas of the canopy and hence expose the soil, would be less suitable.
Vegetative sprouts have competitive advantages over seedlings originating from seed mainly because of their access to an established root system and hence greater water and nutrient availability (Lloret et al., 2004 , Zhu et al., 2012 . The survival benefits of sprouting in trees has been increasingly recognized in natural systems (Pigott, 1992; Bond and Midgley, 2001; Lawes and Clarke, 2011; Zywiec and Holeksa, 2012; Clarke et al., 2013) but research exploring the contribution of vegetative reproduction in traditional management is still scarce (see Milios (2010) for information on exploiting sprouting in traditional shelterwood systems). In cultural landscapes, sprouting ability is maintained through regular management; therefore, the dynamics of vegetative regeneration are different from that of a natural unmanaged population of the same species.
The focus of this review is to synthesize available information on coppicing and pollarding and to explore how traditional forest management practices in Europe might be exploited for conservation purposes in a changing environment. Understanding the benefits and hazards of exploiting vegetative regeneration is the first step in assessing whether promoting this means of reproduction could be used to increase forest persistence in less favourable future climate conditions. The effects of forest management systems, which exploit vegetative reproduction, are considered from the ecosystem to the molecular level and the characteristics, which may help or hinder climate adaptation, are highlighted.
Biodiversity in traditionally managed forests
Habitat heterogeneity in coppice and pollard systems is a key factor promoting high floral and faunal diversity. However, the success of an associated species can vary depending on the characteristics of the site including the tree species and management system. Coppice or pollard management of individual trees increases the structural complexity of trees and hence shapes the structure of the habitat as a whole. The biodiversity of coppice and pollard systems has been well-studied and numerous taxa, including small mammals, breeding birds, understorey plants, saproxylic invertebrates and epiphytes, have been reported to benefit from the abundance of microhabitats arising from the multi-stemmed growth form of the trees and the continuity of ages within an area (Mitchell, 1992) .
Many wood-pasture habitats are known for their diversity of plants, lichens, birds, beetles and snails (Tucker and Evans, 1997; Bergmeier et al., 2010) . Slow-colonizing epiphytes are able to exploit the minute changes in aspect and moisture gradients on the aged bark surface of pollards (Moe and Botnen, 1997; Fay, 2004) . Microhabitats in the rotten heartwood of ancient pollards support several saproxylic beetles (Kirby et al., 1995; Desender et al., 1999; Taboada et al., 2006; Dubois et al., 2009) . In contrast, coppice systems have a lower volume of deadwood and here, late successional species will benefit from more mature trees and deadwood as found in abandoned coppice (Greatorex-Davies and Marrs, 1992 ). However, it should be noted that it can take several decades to develop the continuity of deadwood required for a rich deadwood fauna (Kirby, 1992; Peterken, 1992 ).
Regular but low-level disturbance in coppice and pollard systems such as the creation of gaps in the forest structure and soil disturbance from harvesting stems generate potential colonization sites (Evans and Barkham, 1992) and prevent the dominance of a few shade-tolerant plant species, which would otherwise dominate under non-intervention (Barkham, 1992; Baeten et al., 2010) . In regions prone to drought, however, heat exposure in canopy gaps and hence an increase in temperature at ground level can be detrimental to plant germination. Management systems, such as selective coppicing, exist which have been adapted to this climate (Coppini and Hermanin, 2007) . Jacquemyn et al. (2009) found that canopy closure and changes in disturbance regime after the conversion of coppice to high forest can affect the genetic diversity of an associated species, Orchis mascula L. (early-purple orchid), by reducing population sizes and increasing fragmentation.
The diversity of ground flora in coppice is mainly driven by the rotational cutting of stands that provide cyclic variations in light, moisture and nutrient content (Kirby, 1990) . A rich mosaic of stem age classes in actively managed coppice can benefit early, as well as late, successional species. Butterflies generally prefer the clearings provided by young coppice panels and rides where larval-food plants are able to grow. Melitaea athalia Rott. (heath fritillary butterfly) in Britain has become highly associated with coppice after centuries of management and population declines have coincided with the decline in coppicing (Warren and Thomas, 1992; Hopkins and Kirby, 2007) . Rotation length has been found to influence bird and small mammal diversity by altering structural habitat components such as undergrowth development in coppice (Fuller, 1992; Fuller and Henderson, 1992; Gurnell et al., 1992; Fuller and Green, 1998) . However, structural components, which increase certain bird species, can differ according to region (Quine et al., 2007) . Fruit and seed from standard trees are likely to be an important source of food for birds and small mammals and can therefore influence species richness and diversity between different coppice management systems (Gurnell et al., 1992) .
Impacts on tree growth and survival
Determining what changes occur in the physiology, anatomy and morphology of managed trees can shed light on their potential
The benefits and hazards of exploiting vegetative regeneration to endure environmental change. Changes in tree growth owing to a response to management can be seen at two stages after coppicing or pollarding: (1) shortly after cutting, where changes are observed in the shoot regrowth or (2) after a prolonged period postcutting, where the regrowth has aged considerably, in which case the combination of management followed by abandonment brings about growth changes.
Direct impacts on tree physiology (changes occurring shortly after cutting) have been detected in in situ and ex situ experiments on coppice. An experimental study, which simulated a 15 per cent reduction in rainfall in thinned and unmanaged Mediterranean mixed coppice of Q. ilex and Quercus cerrioides Willk. & Costa in Spain, found species-specific differences in response to drought (Cotillas et al., 2009) . Thinning essentially involved the reintroduction of the coppice selection system, which was historically common in the area. Only the deciduous Q. cerrioides suffered decreases in relative height growth rate with reduced rainfall. This was mainly attributed to differences in leaf habit allowing sclerophyllous evergreen oaks such as Q. ilex to reduce overall water losses. Other studies on Q. ilex have also reported the benefits of thinning on stem and stool survival as competition is reduced, hence improving growth (Ducrey and Toth, 1992; Mayor and Rodà , 1993; Cañ ellas et al., 2004) . Cotillas et al. (2009) also found that thinned plots had higher soil moisture levels compared with unmanaged plots, possibly owing to diminished rain interception and canopy transpiration. Although this study revealed many positive effects of thinning on stools, the magnitude of these effects diminished over the three-year experimental period owing to increasing competition for below-ground resources resulting from vigorous re-sprouting of shoots after thinning. Observations that soil water content increased after coppicing, in a coppice-with-standards system, were reported by Salisbury (1924) . A similar interaction between drought and coppicing on soil water content was found in Swanton Great Wood, an ancient forest in the UK dominated by Tilia cordata Mill. (small leaved lime) and Corylus avellana L. (European hazel) historically managed as a coppice-with-standards (Cummings and Cook, 1992) . Cummings and Cook's (1992) study revealed similar results to that of Cotillas et al. (2009) ; only in dry years was soil water content significantly higher under recently coppiced plots (cut 3-5 years prior to the study) compared with older plots (cut 9-11 years before). In addition, surface soil water content depleted faster under higher densities of stools ( , 2000 stools/ha) before canopy closure. In systems where water is limited, thinning out the stems on stools could be used as a conservation measure to improve the survival rate of coppiced trees. However, long-term benefits can diminish in species that are vigorous sprouters and occur in high density populations. Potentially, controlled grazing may be able to substitute the effects of thinning as it limits inter-stem competition (Tanentzap et al., 2012) . While tree species' characteristics and forest structure will affect how a particular forest responds to management, economic factors such as the demand for coppice products, viability of grazing and availabilityof skilled labour will have a major influence on whether re-introducing traditional management will be sustainable in the long term.
Several studies conducted on traditional coppice systems provide an insight into the changes in structure and function of over-mature coppice (where management has ceased and the coppice has been left to mature beyond its regular cycle) (see 'Stored Coppice' in Table 1 ). Observations that droughts in the Mediterranean basin seem to affect over-mature, abandoned coppice stands disproportionately have sparked research into the effects of climatic stress on these forests (Corcuera et al., 2006; Di Filippo et al., 2010) . Agedependent responses to climatic stress, which altered the wood anatomy and survival of Quercus pyrenaica Willd. (Pyrenean oak) coppiced trees in the Mediterranean, were found by Corcuera et al. (2006) . Stems of ageing coppiced trees had tree rings with proportionally more earlywood and consequently less latewood compared with those of unmanaged trees. The coppice stems produced very narrow tree rings typically composed of earlywood vessels, which were a single-cell thick. Their production increased exponentially with age, reducing radial growth and leading to a minimal increase in stem perimeter. Over-mature coppice was therefore more vulnerable to climatic stress and xylem cavitation owing to the lower proportion of latewood vessels, known to be less vulnerable to embolism. This greater drought susceptibility is reflected in the reports of P. deltoides -SRCs grown under elevated CO 2 conditions, which were also more susceptible to xylem cavitation, displaying lower wood densities coupled with high stomatal densities (Bobich et al., 2010) . However, it should be noted that the intensive management of SRCs differs significantly from that of traditional coppice (for more information on SRCs, see Oliver et al. (2009)) .
Further studies on the interaction of elevated CO 2 with stand management in species such as Q. pyrenaica are crucial, especially if stands have a predisposition to increased xylem cavitation owing to their maturity (Corcuera et al., 2006; Bobich et al., 2010) . As earlywood vessels are linked to hydraulic conductivity, a decrease in their number will reduce carbon assimilation and hence growth. As earlywood vessels form around the perimeter of the previous tree ring, this decrease results in a reduction in latewood width and tree ring perimeter in over-mature trees, which are subsequently unable to augment the number of earlywood vessels produced during the growing season (Corcuera et al., 2006) . Over-mature coppice stems, like those in younger coppice (Cotillas et al., 2009) ,have been shown to have increased radial growth after thinning (Ciancio et al., 2006; Corcuera et al., 2006) . However, this growth increase was found to be dependent on site differences with changes being more pronounced in the mesic site where thinned trees formed more latewood and multiseriate tree-rings than over-mature trees. Tanentzap et al. (2012) found that the growth and survival of C. avellana, Crataegus laevigata Poir. (midland hawthorn) and Crataegus monogyna Jacq. (common hawthorn) increased in multi-stem growth forms. However, under conditions of high intra-specific competition, i.e. after a reduction in grazing pressure, stem survival declined as the number of stems increased within a multi-stemmed tree owing to high inter-stem competition for resources, indicating that resources do not increase linearly with stem number. Continued management or thinning out the stems of stools could be used as a means to decrease over-mature coppice or pollard susceptibility to drought. However, the age and species of the stand should be carefully assessed as some stands may contain trees that will not respond positively to resuming management. If the time since the last cut is unknown, a trial cut should be performed to assess responsiveness to management re-introduction.
Continued management of coppiced and pollarded trees is essential to ensure their long-term survival. Panaïotis et al. (1997) found age-related trends in survival in over-mature Q. ilex coppice where the senescence of the original stump led to the death of the whole tree. The rate of re-sprouting arising naturally, Forestry not from management, was found to be too low compared with the rate of stool deterioration to guarantee the persistence of the forest without a re-introduction in management. Furthermore, many naturally arising stems had well-developed rot in the heartwood. The area where sprouts originate from on a stool determines whether the shoots will suffer from heart rot. Re-introducing management and cutting close to the ground layer will encourage re-sprouting at the collar of the stool, thus reducing heart rot and stem loss (Tredici, 2001; Harmer and Howe, 2003) . Bacilieri et al. (1994) have reported that present-day Q. ilex coppice in Southern France is also under threat of disappearing without management reintroduction, as they are being recolonized by the naturally occurring Quercus pubescens Willd. (downy oak). Abandoned coppice stands were characterized by improved germination rates for Q. pubescens, which indicated the start of succession towards naturally dominant Q. pubescens forest. In these areas, reproducing past anthropogenic activities, such as clear-cutting and fires, increased the resilience of Q. ilex coppice.
Leaving a coppiced tree or pollard to over-mature is generally known to be detrimental to their health, and a decrease in survival rate as time since management increases has been reported in the literature (Mountford et al., 1999; Read, 2000; Fay, 2002; Harmer and Howe, 2003) . With the establishment of restoration programmes for abandoned coppice and pollards, it has become increasingly recognized that re-sprouting ability of an abandoned tree declines with age since the last cutting (Read, 2000, Coppini and Hermanin 2007) . Tree species and site fertility may influence re-sprouting ability; however, empirical evidence that identifies the physiological or anatomical reasons for this decline in responsiveness to management is scarce. Unmanaged pollards are more vulnerable to crown collapse and crown die back, which is likely owing to the excessive weight from the overgrown poles and can lead to tree death (Fay, 2002; Rozas, 2004; Rozas, 2005; Read, 2006; Read et al., 2010) . In Britain, Burnham Beeches -a site of high conservation value derived from its wealth of ancient pollards, pollards were being lost at a rate of 10 trees per year, which would have rendered the population of 574 pollards extinct in 57 years without intervention (Read et al., 2010) . Rates of tree loss from mechanical failure in other forests in Britain have been reported at 5-10 per cent per annum (Fay, 2002) . Significant damage to pollards by the invasive Sciurus carolinensis Gmelin 1788 (grey squirrel) has become a problem in certain forests of high conservation value in Britain (Mountford et al., 1999 ,Read et al., 2010 . It has been suggested that pollards are less susceptible to pathogenic agents or decay fungi as the production of multiple branches and swelling around the top of the bolling (the ageing main stem, which remains after cutting) limit the spread of infection (Read, 2000) . Since the tradition of pollarding has largely declined, so have studies on the effects of pollarding, making it difficult to determine any causal relationships. Responses to a re-introduction of pollarding will likely differ between species and sites; therefore, information from research trials is essential for the construction of effective management guidelines.
Pressures that limit germination and regeneration in coppice and pollard systems include intense grazing and canopy closure (Ratcliffe, 1992) . Rozas (2004) found that a combination of these two factors significantly decreased regeneration in abandoned pollarded Quercus robur L. (pedunculate oak) forests in La Isla park of Tragamó n in Northern Spain. Decreased reproduction was attributed to a lack of temporal and spatial variation of grazing pressures. A similar reduction in regeneration owing to heavy grazing and browsing has been reported in the New Forest in Britain by Mountford et al. (1999) , whereas damage by the invasive Muntiacus reevesi Ogilby, 1839 (muntjac deer) to coppice regrowth in Monks Wood in Britain have been reported by Cooke and Lakhani (1996) .
Impacts on population genetic structure and diversity
Inter-or intra-specific diversity can potentially have profound effects on ecosystem resilience and health as it can alter the functional diversity, which influences ecosystem processes (Peterson et al., 1998; Chapin III et al., 2000) . As with maintaining high levels of species and functional diversity, maintaining high levels of genetic diversity can maximize the potential for a population to adapt and persist during periods of environmental change and improve long-term population health (Schaberg et al., 2008) . When considered from the viewpoint of community genetics, the genotypic diversity of structurally important organisms such as trees can also influence ecosystem function through interactions with species survival, which in turn shape biodiversity and hence functional diversity (Booy et al., 2000; Whitham et al., 2010) .
There is evidence that in some species-poor ecosystems, high genetic diversity can augment low species diversity, buffering the effect of environmental perturbations (Reusch et al., 2005) . In addition to selection, genotypic diversity does not only allow populations to endure environmental stress by ensuring the survival of some individuals but can act through forces such as facilitation or niche differentiation where all genotypes, rather than one robust genotype, provide a collective benefit to the community. This is of particular relevance to European temperate forests, many of which have just one or two dominant tree species and may, therefore, be more susceptible to substantial reductions in genetic diversity in the dominant species.
Genetic diversity can be measured in several ways including the number of alleles in a population, the frequency of those alleles in a population and the number of rare or unique alleles to a population (private alleles).The benefits of avoiding a reduction in the genetic diversity of populations will be influenced by its spatial distribution, which is fundamentally affected by local patterns of geneflow (Sokal et al., 1989) . Seed and pollen flow, together with selection and genetic drift, are the driving forces behind the formation of spatial genetic structure in populations (SGS) (Loveless and Hamrick, 1984) . Environmental and demographic events, which alter gene flow, particularly via seed and pollen dispersal, can lead to significant alteration of genetic structuring (Heuertz et al., 2003; Vekemans and Hardy, 2004) . Given that management practices alter these processes, it is likely that practices will differ in their genetic consequences.
Practices that encourage vegetative regeneration can alter genetic diversity and structure by modifying plant-breeding systems and promoting clonal expansion. These two factors can affect geneflow, selection and drift and can directly limit the effective population size. Although management that alters the regeneration mechanism in a stand is expected to have genetic consequences, there is little research in this area. To date, only five studies consider the genetic consequences of coppicing with only
The benefits and hazards of exploiting vegetative regeneration four (Aravanopoulos et al., 2001; Mattioni et al., 2008; ValbuenaCarabaña et al., 2008; Dostálek et al. 2011 ) of those studies designed to explicitly explore this issue.
Altering plant-breeding systems
An adequate level of gene flow is essential for maintaining genetic diversity within a stand. Limiting breeding systems through management can affect gene flow via pollen and seed and could therefore alter genetic diversity and its spatial distribution within a stand. These limitations are relevant to areas where natural regeneration is encouraged as it will affect the gene pool of the next generation of seedlings arising from sexual reproduction.
Depending on the management system, the ability of a coppice to regenerate, vegetatively or by seed, can be compromised by management cessation. Q. pyrenaica in Spain is commonly worked on a simple coppice (see Table 1 ) (Serrada et al., 1994) . Nú ñez et al. (2012) examined an abandoned coppice stand of Q. pyrenaica protected for biodiversity conservation. Its persistence was threatened by a lack of sexual reproduction owing to the age structure of the forest. The area had been intensively managed until the 1980s, after which fuelwood extraction was halted but grazing continued. Because the trees had been managed as a simple coppice, there was no variation in the age of stems and there was an absence of acorns since stems had not reached a sufficient age for fruiting. Heavy grazing also reduced the amount of natural regeneration. As stems are reverted back to a juvenile state when coppicing (Blake 1980) , it can take decades for fruiting to occur, and in an abandoned simple coppice, the lack of age variation can undermine the continuity of the habitat and threaten the persistence of the forests under non-intervention. Observations in another Q. pyrenaica coppice forest have noted a general lack of acorns, possibly because of the high shoot densities that intensify competition for light, water and nutrients and reduce allocation of resources to flowering and fruiting (Serrada et al., 2008) . The genetic diversity of establishing seedlings will be heavily influenced by the number and identity of those individuals with the highest fecundity, which will be influenced by environmental factors and the management system. Changes to pollen and seed production are known to alter gene flow and therefore significant genetic structuring is likely to occur in the next generation (Vekemans and Hardy, 2004) . Another example of a limitation to gene flow in managed coppice is the harvesting of stems before fruiting is achieved (Cottrell et al., 2003) .
Altering clonal expansion
Exploiting vegetative reproduction of individuals in a population can essentially 'fix' its genetic characteristics in time. Cottrell et al. (2003) found higher allelic diversity in an abandoned mixed coppice of Quercus petraea (Matt.) Liebl. (sessile oak) and Q. robur, in Britain when compared with a natural stand, in France from a previous study (Streiff et al., 1998) .Although the abandoned coppice population harboured high genetic diversity, it displayed an unexpected excess of homozygotes, usually a sign of inbreeding. Here it was suggested that coppicing had 'fixed' genetic variation in the past and that the lack of genetic equilibrium in the abandoned coppice was likely a remnant of past colonization dynamics instead of resulting from inbreeding (Cottrell et al., 2003) . The time period in which the forest had been managed as a coppice was 300 years, approximately 6 per cent of the time the forest has been in existence given its establishment some 5000 years BP. This would suggest that the genetic consequences of coppicing may be more significant for populations that have been under traditional management regimes for longer periods of time. In this case, 'fixing' the genetic pattern of a coppice population in time made the abandoned coppice population distinct from surrounding unmanaged forests. Genetic divergence may be increased between coppice and unmanaged natural forests that are undergoing processes of drift and selection, thereby creating unique populations that are valuable candidates for gene reserve forests. However, research on the genetic resource value of coppice and pollard systems is lacking, and there is currently no evidence of how genotypes retained through coppicing might impact a population's response to environmental change.
Further consequences of the 'fixing' of population genetic variation over time in coppiced stands were found by Mattioni et al. (2008) . The study, which examined orchards, coppice and naturalized stands of Castanea sativa Mill. (sweet chestnut), suggested that the decay of linkage disequilibrium (overall allelic correlations between loci) was reduced in stands that were maintained through clonal reproduction. Since coppicing exploits vegetative regeneration, sexual reproduction and hence recombination ceases in coppiced stands and the genetically effective population size is reduced (Hill 1981) . Mattioni et al. (2008) identified that sexual reproduction in the naturalized stand led to the decay of linkage disequilibrium, such that linkage disequilibrium in naturally regenerated stands was significantly lower than that in coppiced stands.
During the establishment phase, seedlings may have to compete with vegetative regrowth from stools. Species-specific vegetative traits, such as primarily producing root suckers (e.g. in Q. pyrenaica (Valbuena-Carabañ a et al., 2008)) or shoots, (e.g. in F. sylvatica (Coppini and Hermanin, 2007) ), will affect the clonal expansion abilities in genets (a group of genetically identical individuals). Depending on the extent of clonal expansion, it is intuitive to think that genetic diversity could be affected by the reduction of newly established individuals within a given area. However, studies on coppice systems differ in their results for their measures of genetic diversity (e.g. allelic richness, allelic frequency and clonal diversity) and certain studies find increases in genetic diversity (e.g. Cottrell et al., 2003; Valbuena-Carabañ a et al., 2008) whereas others do not differ significantly from levels in natural populations (Aravanopoulos et al., 2001; Mattioni et al., 2008; Dostá lek et al., 2011) .
Interestingly, Valbuena-Carabañ a et al. (2008) reported lower clonality levels in Q. pyrenaica coppice compared with a nearby natural stand as a result of high shoot competition in the coppice (Valbuena-Carabaña et al. 2008) . Genetic diversity was preserved in small clonal assemblies, which were 4.6-fold smaller than the mean extension covered by a genet in the natural forest (52.4 m 2 ) where shoot competition was lower because of the absence of profuse sprouting after cutting. Research on the clonality levels in Q. ilex by Ortego et al. (2010) suggests that clonality levels increase in more open habitats where competition is reduced. The study examined Q. ilex stools growing in habitats with different degrees of fragmentation; (1) a natural Q. ilex forest, (2) a pasture with some scattered trees and (3) an extensively cultivated area with highly isolated trees. It was found that clonal expansion, measured in distances between ramets (individual units of a clone, e.g. individual stems all belonging to the same Forestry genetic individual), generally increased with higher levels of fragmentation. The high clonality levels in trees growing in extensively cultivated areas were thought to be due to their coppice-like management, which encouraged elevated shoot production. This management form, together with the lack of competition, is likely to have promoted extensive clonal propagation. The importance of competition should be considered in coppice forests with species that display vigorous sprouting ability as reducing the density of the stand by indiscriminate thinning may actually remove small but unique clonal assemblies and decrease overall genetic diversity, potentially increasing disease susceptibility (ValbuenaCarabaña et al., 2008) .
It has been argued that plants with natural sprouting ability are able to buffer the detrimental genetic effects of small population size and a reduction in pollination or dispersal owing to the increased longevity of individual genets (Bond and Midgley, 2001) . A study by Acosta et al. (2012) suggested that this could be the case for a naturally sprouting species, Nothofagus antarctica Forst. (Antarctic beech), which displayed higher levels of genet diversity than their non-sprouting counterpart Nothofagus pumilio Poepp. & Endl. (lenga beech). A previous study by Premoli and Steinke (2008) also suggested that there were genetic benefits to sprouting in N. antarctica, which occurs in high disturbance, fireprone, environments. It should be noted that in traditionally managed stands, trees are artificially induced to sprout, and therefore species sprouting traits will be influenced by management technique and may differ in their genetic composition when compared with their natural, unmanaged counterpart.
Observations from a management re-introduction programme in Burnham Beeches forest in Britain indicate that F. sylvatica trees displaying epicormic growth responded better to pollarding in terms of shoot production (Read et al., 2010) . Phenotypic observations in the same stand suggested the presence of genotypes adapted to coppice or pollard management. Previous studies have suggested that epicormic shoot formation may be partly genetically determined in some species (Ward, 1966; Bryan and Lanner, 1981 , Jensen, 2000 , Nicolini et al., 2001 although research investigating the genetic basis of epicormic shoot formation in traditionally managed stands is absent. The ability to identify individuals that are most responsive to coppicing or pollarding would be invaluable for conservation plans that aim to re-introduce management in abandoned systems.
Recommendations for management and future research

Considerations for future genetic research
Although the majority of studies on coppices have reported little or no differences in population genetic parameters when compared with natural forest, observations such as the restriction of sexual reproduction make these results counter-intuitive and debate is still ongoing. Our understanding of the genetic consequences of exploiting vegetative reproduction using traditional practices is limited and mainly based on a few studies that report small but significant differences in other genetic parameters, such as the extent of linkage disequilibrium (Mattioni et al., 2008) and the fixation index (Cottrell et al., 2003) .Further research is required to determine whether genetic differences found between managed and unmanaged stands are widespread. It is therefore essential that future research employs a level of resolution strong enough, in terms of the numbers of molecular markers or samples, to detect small but significant differences. The few studies that focus on genetic effects have primarily been conducted on coppice systems and comparability is limited by differences in study species, molecular markers and sampling design. The applicability of the research, in terms of geographical scale, varies with only one study covering a European-wide scale (i.e. Mattioni et al. (2008) ). Future studies should exploit highly polymorphic co-dominant molecular markers in order to adequately estimate population genetic parameters in these systems (Nybom 2004) .
Management re-introduction
One of the key findings of this review is that continued management of coppice forests and pollards in Europe is essential to ensure their long-term survival. Over-mature coppiced trees and pollards suffer from detrimental physiological changes, a reduction in re-sprouting ability, and increased mechanical failure that substantially decreases their longevity. Further research investigating the causes of this degeneration and the effects of management re-introduction is essential to ensure the success of future conservation programmes. It should be noted that while this review focusses mainly on Europe, much of the information here is relevant to other regions with similar climatic conditions. However, it is essential that management at the site scale is based on a thorough consideration of local environmental conditions. Shoot-density dependent effects will be more likely in species, such as Q. pyrenaica (Valbuena-Carabañ a et al. 2008), compared with species that do not produce root suckers and have relatively lower shoot production. Thinning the stems on stools can be an effective method to reduce the negative effects experienced by some abandoned coppice, such as the increased risk of xylem cavitation Corcuera et al. (2006) , and reduction in soil moisture levels Cotillas et al. (2009) .In some areas, thinning out stems or stools can reduce drought stress on trees by weakening competition for resources (Ruiz-Benito et al. 2013) . However, the long-lasting benefits of this management intervention are dependent on species sprouting ability, economic support and labour availability as species that re-sprout vigorously will need frequent and continuous management (Valbuena-Carabaña et al., 2008; Cotillas et al., 2009) . Nevertheless, thinning could be a valuable tool for improving stool survival rate in abandoned coppice forests consisting of species with a relatively low sprouting ability, such as F. sylvatica.
Reducing the density of stools can reduce clonal reproduction in over-mature coppiced trees, promoting opportunities for sexual reproduction and hence promoting the decay of linkage disequilibrium (Mattioni et al., 2008) . Thinning out the stems on a stool or controlled grazing can also be used to promote stem production and stool survival (Cotillas et al., 2009; Nú ñ ez et al., 2012; Tanentzap et al., 2012) . However, grazing is likely to be negative for seedling establishment if temporal and spatial variation in grazing pressure is absent (Rozas, 2004) . The success of these methods will again be dependent on species' sprouting ability, and indiscriminate thinning should be avoided as it could be detrimental to genetic diversity in certain stands (Valbuena-Carabañ a et al., 2008) . Leaving log piles derived from thinning would be an ideal method for encouraging more dead wood production for conservation purposes as it would promote the diversity of both early and late successional invertebrate species (Kirby, 1992) .When considering
The benefits and hazards of exploiting vegetative regeneration the conversion of coppice to high forest, the amount of flowering and fruiting should be examined. In some stands, coppicing may be linked to a reduction in flowering and fruiting Nú ñ ez et al., 2012) . Trees that are reproductively active should be protected from heavy thinning, to increase the number of individuals that can contribute natural regeneration.
Responses may differ by genotype and species (Montes et al., 2004 , Cotillas et al., 2009 , and conservation management would benefit if individuals that are likely to respond positively to coppicing or pollarding can be distinguished beforehand by genetic or morphological assessment. Stands that have been managed for longer time periods may harbour unique genotypes or population characteristics that differ significantly from the natural population (Streiff et al., 1998; Mattioni et al., 2008; Dostá lek et al., 2011) .
Management of biodiversity
The effects of traditional management on biodiversity have been widely recognized, and exploiting vegetative regeneration has become a valuable conservation tool, essentially providing more flexibility to managers in manipulating microclimates. Certain variables including rotation length, size and distribution of panels, density of stools and standards, and species composition can be altered to improve habitat heterogeneity and hence biodiversity. However, species requirements will differ and may conflict with each other and therefore management objectives need to be explicit beforehand.
Previous work has identified the need for multiple age classes in coppice forests and that a combination of short-and long-rotation management can create a rich diversity of habitats (Fuller, 1992; Mitchell, 1992; Fuller and Warren, 1993) . In coppice, the rides between panels can provide a linear feature within the habitat that promote connectivity and allow the dispersal of certain taxa such as butterflies (Warren and Thomas, 1992) , whereas standard trees and log piles can be used to create microhabitats associated with deadwood and aged bark surfaces, which coppice forests often lack but are abundant in pollarded habitats (Kirby et al., 1995; Moe and Botnen, 1997; Desender et al., 1999; Fay, 2004; Taboada et al., 2006; Dubois et al. 2009 ). In general, improving habitat heterogeneity will improve species diversity as early, as well as late successional species will be supported.
Conclusion
Habitat heterogeneity in forests historically shaped by coppicing and pollarding can significantly affect the structure and function of populations from the genotype to the ecosystem. It should be noted that management impacts on biodiversity, tree physiology and genetic diversity are not mutually exclusive. For example, genetics can influence tree physiology, forest structure and even associated biodiversity (Booy et al., 2000 , Whitham et al., 2010 , and therefore, an holistic approach should be considered when constructing management plans. The cultural landscapes found in Europe that have been created from centuries of traditional management are becoming increasingly recognized as having high conservation value, yet their current conservation value often derives from an interaction of their past management and present neglect.
Whether traditional management techniques could be used as a tool to improve forest persistence under climate change remains unexplored and future research into this subject is required to discern its practicality. However, the increasing awareness of the decline in growth and natural regeneration in high forests owing to increased drought is highlighting the need for novel adaptive strategies, which in some cases could draw upon knowledge from historic management practices. Practices developed in regions prone to drought have been designed to deal with the problem of soil exposure from management. These locally adapted management systems should be carefully considered if vegetative regeneration is to be exploited to improve forest persistence. Considering species and site specific characteristics is necessary to maximize the success of management which, together with future research, should enable vegetative regeneration to become a valuable tool for improving forest persistence under climate change.
